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ABSTRACT 


A technique for preparing large quantities 
of 185 + 28S ribonucleates from wheat germ has 
been developed. End group and sedimentation an- 
alyses were used to characterize the ribonuclea- 
tes with respect to features of primary struc- 
ture, heterogeneity and stability. 

Hydrolytic degradation by alkali has been 
employed as a means of characterizing the native 
chain ends of the ribonucleates, and hydrolytic 
degradation by phosphodiesterase has been em- 
ployed to characterize the nascent chain ends 
Witcheresult trom scission of the ribonucleate 


chains. 
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INTRODUCTION 


i) The structural chemistry of ribonucleates. 


The progress made toward the chemical characterization 
of ribonucleates during the fifty years which followed their 
discovery by Kossel, in 1879, can be attributed to the feasi- 
bility of their isolation in large quantities from yeast and 
wheat germ (see Allen, 1962). It is no less true today that 
progress in the structural chemistry of the ribonucleates re- 
lies on their availability in large quantity from these two 
sources (Holley, 1963; Glitz and Dekker, 1963). The early 
chemical studies demanded large amounts of material in order 
to identify the hitherto uncharacterized nucleotide constit- 
uents of the ribonucleates by the methods of classical organ- 
ic chemistry. These early studies, and even the more recent 
studies which established the nature of the 3'-5' internu- 
cleoside phosphodiester linkage, did not require that the 
ribonucleates be isolated in an undegraded form. Indeed, 
the principal features of the covalent structure of ribonu- 
cleate chains had been established (Brown and Todd, 1952a, 
Loe eles Mark ianeand omic, 19oz2a, LO52b7**Cohn “and ‘Volkin, 
1952) before the first isolation of highly polymerized, un- 
degraded cellular ribonucleates was achieved by Colter and 
Brown Liy*lgoo: 

Further progress toward elucidating the chemical struc- 
ture of the highly polymerized ribonucleates requires the 
development of methods for their large-scale isolation in 
an undegraded state and the establishment of conditions which 


permit their storage without degradation over reasonable 
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periods of time. Wheat germ has been selected as a source 
material for highly polymerized ribonucleates in this study 
because it is readily available in unlimited quantity, and 
is a naturally dry organism which can be stored for periods 
of up to two years without noticeable deterioration of the 
ribonucleates which comprise 1% of the dry weight of the 
embryo. The highly polymerized 18S + 28S ribonucleates 
from wheat germ are quite labile after isolation from the 
embryo and conditions for storage in the powder state with- 
out degradation have been established. 

With the covalent structure and polymeric nature of 
the ribonucleates well-established, there are four princi- 
pal features of primary structure which remain to be inves- 
tigated: (i) the number of recognizable size-classes of 
ribonucleates, (ii) the nature of the end groups of the 
chains in each size-class, (iii) the number of different 
chains in each size-class, (iv) the sequence of nucleotides 
in each of the different chains in each size-class. 

Only the first of these aspects of the structural 
chemistry of ribonucleates seems to have been adequately 
resolved for the bulk of the cellular ribonucleates. The 
low molecular weight s-ribonucleates account for about 20% 
of the total cellular ribonucleates and have a mean chain 
length of approximately 80 nucleotide residues. The high 
molecular weight 18S + 28S ribonucleates account for about 
80% of the total cellular ribonucleates and have a mean 
chain length of about 1300 nucleotide residues. 


Because of their well-defined participation in 


«5 = 


moiee @ ae Batowtes seed es axoe Se0fW .eml> Soa 


eve gid? ai aodeetvuenodin hegizenylog yidpid. 20%. 

hee .vditneeen betiotfes ni sidelieva ylibee: at 35.00mm : 
. ; 7 “ eC., 

eiclaee goa Bevote 4d aso dotdw meicegio yb yDlesegagee 


wit Yo neltexeizateb elaisevison Juadsiw atcey ov? oo } 
a's to Sipiew yvab eff? 3e¢ AL earl igmee foidw coe faa 20 
sJeelnawaedis FHL + BA hoes bisiatins tio vidotd ed? 

2 ins 

ef? ona4 molteloei t2775 81106. Brite Sif mae jestiw moat 
is osigdn t9bwOg eft. sperets 362 enoitibuoa Baa, 
Madarcidasteac need eval s0icebass 

‘toudse 4i3e0 ‘iog Smt stracwig? t6elavoo 9as ot x 
Jealsg@ wvet ate over? ,Sbsiteal bis ea=-L lew voseesouned ia 4 
—asri od of wistei aADsiiu fus>uate Yaseasg Fo SOLU IB 


i} agedelo-or!s cifszacnpenes to zedmen ed (4) of 


14 a] 2cavort wis of2- O-aqaiulten secs (ia) , 209 Sd 
. " } 
§eeaet?ib 20 tac afd (fi) , eeeiso-esie does at 
af isun }° aches gd (vil) ,@@aio-esle fipge ais rk 


-A1vJo0IIe ans to eSOsenes seat Io 16242 etfs vee 
Violevpeis cose over a7 ameaa seatualaugodi1 te 
ant aiiest vunoglis tésiuiles afd Jo Aind of3 10%, 
auf saode 32 Jnweode setenlnonodisy-a J4piew » x 
tipds oeom 6 uved bane rovealouncdix aatuliles 23 of 
yid af? .eevbisos shisceloun 06 a 
jueds 204 sown ve enreelounodse 98% + abi 2ne 
soon # eved Sas astenlounod?1 salolies tase: 
-Sevbieex shisoeiour Off tueds. 2 
ad spidepiotsieg an a, xied2 30 se aut 


= 


* aie 


a 


a5. 


protein synthesis and their low molecular weight which makes 
them amenable to fractionation and sequence studies, the s- 
ribonucleates have been studied much more extensively than 
the 18S + 28S ribonucleates with respect to the remaining 
three aspects of structural chemistry outlined earlier. The 
nature of the end groups was established soon after the s- 
ribonucleates were discovered (Dunn, 1959). There are be- 
lieved to be at least 20 different chains, many of which 
have been separated from the bulk of the s-ribonucleates 
(Goldstein et al., 1964). The complete nucleotide sequences 
of individual s-ribonucleate molecules are being investigated 
in several laboratories at the present time (Zubay, 1962; 
Vanconri ec alesse .1963; Holley "et “al 21964): 

In contrast with the s-ribonucleates, there has been 
no evidence bearing on the end groups, number of chains, or 
sequences within chains in the case of the high molecular 
weight 18S + 28S ribonucleates, and the studies of this the- 
Sis constitute a first step toward resolving some of these 
considerations. There are manifold reasons for this neglect 
of the 18S + 28S ribonucleates, not the least of which is 
the inability to ascribe a functional significance to them 
in cellular metabolism, Perhaps of equal importance however 
have been the technical difficulties of isolating large a- 
mounts of undegraded material which does not disintegrate 
when stored or subjected to the mildest procedures suitable 
for chemical investigations. 

The requirement of large quantities of undegraded ma- 


terial for controlled end group studies is intrinsic to the 
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study of any polymers such as the 18S + 28S ribonucleates 
which are comprised of more than one thousand monomer units 
and in which the end groups account for less than 0.1% of 
the total monomer constituents. In order to distinguish 
native end groups from those produced by degradation of the 
polymers it is important to isolate the polymers in an un- 
degraded state, and, if possible, to distinguish qualita- 
tively as well as quantitatively between the native end 
groups and those which result from degradation. The stud- 
ies of this thesis have been primarily concerned with de- 
veloping methods for the investigation of end groups of 
the 18S + 28S ribonucleates and it has been found that the 
native end groups can be measured and distinguished from 
those arising from polymer degradation. 

The results of analyses for the native end groups of 
the 18S + 28S ribonucleates have shown that they consist of 
at least four different chains having a mean chain length 
of 1300 nucleotide residues. The studies of the end groups 
produced by the scission of phosphodiester bonds in the 
18S + 28S ribonucleates have focused attention on a serious 
impediment to fractionation and sequence studies on these 
ribonucleates: the intrinsic instability of 3'-5' phospho- 
diester linkages in ribonucleate chains. It has become 
clear that the tendency of the 18S + 28S ribonucleates to 
disintegrate under mild conditions is an intrinsic property 
resulting from the instability of the 3'-5' phosphodiester 
linkages which are adjacent to 2'-OH functions and readily 


form 2'-3' cyclic phosphates with concommitant cleavage of 
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the 3'-5' phosphodiester bonds. The instability of phos- 
phodiester linkages is particularly apparent with the 18S 
+ 28S ribonucleates because the cleavage of 0.1% of the 
phosphodiester linkages causes an average of more than one 
break in every chain whereas the cleavage of 0.1% of the 
phosphodiester linkages in s-ribonucleate preparations 


causes a break in fewer than one in every ten chains. 


(ii) The background of end group work on the cellular ribo- 


nucleates. 


The importance of end group measurements in studies 
which relate to the primary structure of polymers can be 
appreciated from a consideration of the conflicting views 
of deoxyribonucleate structure which were held as recently 
as 1954. PhysicOchemical measurements had shown that the 
cellular deoxyribonucleates had a mean molecular weight of 
about 5 x ee and this value, together with the Watson- 
Crick proposal of a double-stranded helix, suggested that 
the primary structures were two single strands each of which 
contained about 7500 nucleotide residues. This view of de- 
oxyribonucleate structure conflicted with titration data 
which indicated that one of every fifty phosphate groups 
was a phosphomonoester group, and in order to resolve this 
conflict, Dekker and Schachman (1954) proposed an "inter- 
rupted strand" modification of the Watson-Crick model in 
which the primary structures were thought to be short 
Chains about 50 nucleotides long having terminal phospho- 


monoester groups. The short chains were conceived to be 
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held together by secondary hydrogen bonds between the inter- 
rupted strands of a double-helical structure of the Watson- 
Crick type. The conflicting views of structure are schemat- 
ically represented by the Watson-Crick model (A) and the 

Dekker-Schachman model (B) shown below for a segment of the 


deoxyribonucleate double helix. 


A Primary strands a ae Tees ee 2euehonda 
ee ee eee [eee ee) eee |e 
B Primary inter- aagiskateael Ah csT 
ee ae - H-bonds 
rupted strands -t—1l- 1 


It is clear that structure A has only two end groups per 
7500 nucleotides whereas structure B has two end groups 

per 50 nucleotides and consequently end group measurements 
could have provided the decisive evidence required to vali- 
date One or Other of the proposed structures. Methods for 
estimating the end groups of deoxyribonucleates have not 
been developed even now, and the resolution of the conflict 
in favor of structure A was Only made possible by subsequent 
investigations which showed that the titration data were 
artifactual (Doty and Rice, 1955). A modified version of 
the Dekker-Schachman model may yet be invoked to explain 
the occurrence of deoxyribonucleate "subunits" (Welsh, 1962) 
but in this case the primary structures would be about 750 
rather than 50 nucleotides long. The importance of end 


group measurements to biochemical and genetic studies of 
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deoxyribonucleates is increasingly evident from the central 
role of end groups in hypothetical proposals concerning 
chain initiation of deoxyribonucleate synthesis, cross-over 
phenomena and the repair of chain breaks in deoxyribonucle- 
ates (Taylor, 1963; Richardson et al., 1964). 

The establishment of the 3'-5' phosphodiester inter- 
nucleoside linkage and the polymeric nature of the nucle- 
ates permits numerous formal structures to be written for 
the primary structural units of the polymers without re- 
gard to sequential arrangement of monomers, and these dif- 
ferent structures are distinguished solely by the nature 
of the end groups. This thesis deals exclusively with ribo- 
nucleates but the principles to be discussed here would be, 
for the most part, equally applicable to a consideration 
of deoxyribonucleates. 

Since the ribonucleates can be largely converted to 
5'-nucleotides by snake venom phosphodiesterase, they might 
be thought of as being polymers of 5'-nucleotides (ie. 


(pN) .) as shown in structure I. 


Alternatively, since the ribonucleates can be large- 
ly converted to 3'-nucleotides by spleen phosphodiesterase, 
they might be thought of as being polymers of 3'-nucleotides 


(ie. (Np) .) as shown in structure II. 
sie NpNp------- NpNp------- NpNp 


It can be seen that each of the structures, I and 
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II, has a terminal group linked to the remainder of the 
Chain through its 3'-position ("left-hand" termini as writ- 
ten above) and another end group linked to the rest of the 
chain through its 5'-position ("right-hand" termini), and 
these will be designated as the 3'-linked end group and the 
5'-linked end group, respectively. 

It is evident that hydrolysis of structure I by snake 
venom phosphodiesterase would yield only 5'-nucleotides but 
hydrolysis of structure II by the same enzyme would yield 
5'-nucleotides (pN) from internal residues, a nucleoside (N) 
from the 3'-linked end group and a diphosphonucleoside (pNp) 
from the 5'-linked end group. Consequently this type of 
hydrolysis could be used to assess the end groups of chains 
having a type II structure but not to assess the end groups 
of chains having a type I structure. 

Conversely, hydrolysis of structure II by spleen phos- 
phodiesterase would yield only 3'-nucleotides but hydrolysis 
of structure I by the same enzyme would yield 3'-nucleotides 
(Np) from internal residues, a nucleoside (N) from the 5'- 
linked end group and a diphosphonucleoside (pNp) from the 
3'-linked end group. Therefore this enzyme could be used 
to assess the end groups of type I, but not to assess the 
end groups of type II structures. 

In practice, snake venom phosphodiesterase has been 
adapted for the analysis of the end groups of type II struc- 
tures but the spleen enzyme is not used for the analysis of 
the end groups of type I structures because alkali hydro- 


lysis is simpler, in practice, and yields the same results 
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except that there iS an isomerization to give roughly e- 
qual amounts of 2'- and 3'-nucleotides and 2',5'- and 3', 
5'-diphosphonucleosides. 

These principles of end group analysis were first 
enunciated by Markham and Smith (1952) and Crestfield and 
Allen (1956), and it was also noted that the phosphomono- 
ester group of structure II might be cyclized to give a 


third structure shown below as III. 


ui Oi NpNp------- NpNp------- NpN>p 


Hydrolysis of a type III structure by snake venom 
phosphodiesterase would yield 5'-nucleotides from inter- 
nal residues, a nucleoside from the 3'-linked end group 
and a diphosphonucleoside having a cyclic 2',3' phosphate 
(pN>p) from the 5'-linked end group (Fraenkel-Conrat and 
Singer, 1962). 

Other structures can be visualized which are hybrid 
EQS UL es leeand LLL with respect to end groups and are 


shown below as IV, V and VI. 


IV PNpN------- PNpN------- PNpNp 
V pNpN------- pNpN------- PNpN>p 
VI NpNp------- NpNp------- NpN 


TisoLactL ce atLuctures IV) Vand Vi are not’ amportant 
Since the quantities of the 3'- and 5'-linked end groups 
detected by phosphodiesterase hydrolysis are equimolar and 
unrelated to the equimolar amounts of the 3'- and 5'-linked 


end groups detected by alkali hydrolysis. 
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The early end group work by Markham and Smith (1952) 
and Crestfield and Allen (1956) is largely of historical 
interest since the yeast ribonucleates examined were badly 
degraded and had chain lengths of about 20-70 nucleotides. 
Nevertheless, it became apparent from this work that the 
structures formed by chemical and enzymic degradation were 
principally types II and III regardless of the nature of 
the native end groups of the ribonucleates. The reason 
for this is clear from a consideration of the mechanism 
by which chemical agents and nucleases induce cleavage of 


the 3'-5' phosphodiester linkages of ribonucleates. 


Sso0r BENE Gains ee DUP IS Ve> Sr eNPNp-SanessatpNprecers 
x Ay 
----N>p +Np------ N>p +Np------ N>p +Np----- N>p +Np----- 


----Np + Np------ Np + Np------ Np + Np----- Np + Np----- 


(type II structures) 


There are no chemical agents and relatively few en- 
zymes which can cleave 3'-5' phosphodiester linkages in 
the manner of snake venom phosphodiesterase to produce 
type I structures. 

Studies of s-ribonucleates from animal, plant and 
microbial sources have shown that they have a type I 
structure with guanine as the principal base of the 3'- 
linked end groups and adenine as the principal base of 


the 5'-linked end groups. The type I structure is sim- 
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ilar to the structure which might be expected for the poly- 
mers synthesized by the deoxyribonucleate-directed, enzymic- 
ally catalyzed pyrophosphorolytic condensation of ribonucle- 
oside triphosphates (Kornberg, 1957) except that one might 
anticipate a triphosphate group rather than a phosphomono- 
ester group at the 3'-linked end group. This is briefly 


illustrated below. 


aaa ppen = pppNpN’+ ppéN = pppNpNpN etc. 


If ribonucleoside triphosphates are the immediate precursors 
of both terminal and non-terminal groups of the s-ribonucle- 
ates then there must be an as yet undefined release of pyro- 
phosphate from the 3'-linked end group which is perhaps as- 
sociated with chain initiation or termination. 

Since actinomycin inhibits all synthesis of cellular 
ribonucleates through interaction with deoxyribonucleate 
(Reich et al., 1962), it seemed not unlikely that all ribo- 
nucleates were synthesized by the same mechanism and that 
the 18S + 28S ribonucleates might also be expected to be 
type I structures. This view has been confirmed by showing 
that the 18S + 28S ribonucleates from wheat germ are type I 
structures having about 1300 nucleotide residues, on the 
average. The number average molecular weight is somewhat 
lower than the weight average molecular weight by physico- 


chemical techniques; the mean chain length is 1300 nucleo- 
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tides by end group measurements and about 2000 nucleotides 
on the basis of physicochemical data. The agreement is 
reasonable considering the uncertainties which attend mo- 
lecular weight determinations by physicochemical methods 
Since the hydrodynamic properties of high molecular weight 
ribonucleates are not yet well understood. 

This view of the primary structure of the s-ribo- 
nucleates and the 18S + 28S ribonucleates as linear poly- 
mers having a type I structure with mean chain lengths of 
80 and 1300 nucleotides, respectively, implies that there 
are no type II structures present in the polymers. This 
presumption could not be accepted without reservation how- 
ever since the possibility of an "interrupted" strand struc- 
ture for the ribonucleates was implicit from many investi- 
gations on the ribonucleates. The interrupted strands 


could be visualized in the following way: 


The secondary hydrogen-bonds holding the interrupted strand 
together as an integral structure would be visualized as 
intra- rather than inter-strand (as with deoxyribonucleates) 
and such a single strand has frequently been described as 

an intra-strand hydrogen bonded structure with "hidden" 
breaks since the breaks would not be evident until the struc- 
ture disintegrated (Spirin, 1960). The greater part of the 
work in this thesis was devoted to developing methods for 


the analysis of end groups of type II structures in order to 
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test the foregoing interrupted strand concept of ribonucle- 
ace jasc ructure . 

It was noted earlier that the instability of 18S + 
28S ribonucleate preparations has been a serious impediment 
to progress in the structural chemistry of these polymers 
Since it has not been clear if the observed disintegration 
reflected the disruption of secondary forces with dissocia- 
tion of short chains from an aggregate structure such as an 
interrupted strand, or, if there were a cleavage of the 3'- 
5' phosphodiester linkages of a single long chain whose. in- 
tegral structure did not rely on secondary forces. There 
were numerous reports that the 18S + 28S ribonucleates dis- 
integrated to give small 4-8S components, often called "sub- 
units" when subjected to a number of gentle treatments which 
were not believed to cause cleavage of phosphodiester link- 
ages. The formation of "Subunits" was shown in the case of 
ribosomal ribonucleates, from liver (Takanami, 1958; Hall 
and Doty, 1959), from Ehrlich ascites cells (Brown et al., 
1960), from yeast cells (Otaka et al., 1961; Chao, 1961) 
and from E. coli (Aronson and McCarthy, 1961). It was clear 
that the "Subunits" were not type I structures since end 
group analysis of 8S preparations showed a mean chain length 
of about 1300 nucleotides whereas the expected length for 
8S chains was 300 nucleotides or less (Lane and Allen, 1961). 
When techniques for the analysis of the chain ends of type 
II and III structures had been developed, it was established 
that the 8S "subunits" were mainly type II and III struc- 
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The 8S "subunits" could have been present in the o- 
riginal 18S + 28S ribonucleates, as segments of an inter- 
rupted strand held together by secondary forces, or they 
might have been absent from the 18S + 28S ribonucleates 
and produced by cleavage of phosphodiester bonds. Phys- 
icochemical methods could offer only indirect evidence 
to distinguish between dissociation and cleavage whereas 
end group measurements have provided unequivocal evidence 
that "subunits" result from fragmentation of 3'-5' phos- 
phodiester linkages since the type II structures are ab- 
sent prior to "Subunit" formation and are present in the 
expected amounts after "Subunit" formation. 

By a Similar but less extensive study it has been 
shown that s-ribonucleates are not interrupted strands 
of type II structures held together by secondary forces 
as had been implied by titration data which showed that 
one of every seven phosphate groups was singly esterified 
(Davis, 1962). It has been concluded that these titration 
data, as in the earlier studies of deoxyribonucleates, are 
puobably garctilactual.. 

The work of this thesis also deals with a number of 
unusual side-reactions encountered in analyses for the end 
groups of type II structures as well as measurements of the 
rate of 3'-5' phosphodiester cleavage of ribonucleates un- 
der a variety of conditions commonly employed in studies 


of ribonucleates. 
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PART I - PREPARATIVE PROCEDURES 


uf Preparation of 18S + 28S ribonucleates from wheat germ. 


Ninety grams of roller-milled wheat germ were suspen- 
ded in 1200 ml of an emulsion made by mixing equal volumes 
of 0.05 M phosphate buffer, pH 6.8 and water-saturated phe- 
nol. The suspension was shaken vigorously for 15 min at 
room temperature and then centrifuged at 1500 g for 20 min 
at gre The emulsion separated into an upper aqueous phase 
containing ribonucleates and polysaccharides, a lower phe- 
nol phase containing protein, deoxyribonucleates and cellu- 
lar debris, and an interphase of solid material. The upper 
aqueous phase was removed by suction, care being taken to 
avoid the inclusion of any solid material from the inter- 
phase. The aqueous solution was extracted five times with 
an equal volume of ether to remove phenol. The traces of 
ether remaining after these washings were removed by aera- 
tion of the solution at 0°. The solution was then made mo- 
lar with respect to sodium chloride by addition of solid 
salt, and placed at any for 18 hours. The soluble ribonu- 
cleates and polysaccharides remained in solution and the 
high molecular weight ribonucleates precipitated. The 
precipitate was collected by centrifugation at Ga and 
the resulting gel-like pellet was washed three times with 
67% ethanol, three times with 95% ethanol and three times 
with ether. These washings removed salt, water and eth- 
anol, respectively. The final ether wash was followed by 


a 30-minute air-drying to constant weight at room temper- 
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ature. The resulting powder was dissolved in distilled 
water at a concentration of 5 mg per ml and the ribonu- 
cleates were precipitated by making the solution 1 M with 
respect to sodium chloride and leaving it at 0° for 18 
hours. The ribonucleates were recovered and reprecipi- 
tated twice more from sodium chloride solution without 
drying between precipitations. The final precipitate 

was washed and dried with ethanol and ether as described 
above and the final yield from 90 grams of wheat germ 

was about 1 gram of a white powder with flour-like con- 
Sistency. The ribonucleates obtained in this way had an 
extinction coefficient (260 mi) of 220-250 when dissolved 
in distilled water to give a 1% solution, and were, 


therefore, 95 - 100% pure. 


fol Preparation of phosphodiesterase from Russell Viper 


venom. 


The following procedure has been designed to re- 
cover the phosphodiesterase activity of whole venom de- 
void of the phosphomonoesterase and nuclease activities 
which are also present in the whole venom. Lyophilized 
Or sublimated Russell Viper venom was purchased from Ross 
Allen's Reptile Institute and first subjected to acetone 
fractionation according to the procedure of Koerner and 
Sinsheimer (1957). Phosphodiesterase activity was assayed 
as.described in Part II1.,(i).of.the thesis. -Assay of 
phosphomonoesterase activity of whole Russell Viper venom 


was performed by measuring the release of inorganic phos- 
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phate under the conditions used for phosphodiesterase as- 
say except that the ribonucleates were replaced by an e- 
qual weight of 5'-adenylate as substrate. The cleavage 
of monoester phosphate by whole venom was about seven 
times as great as the cleavage of diester phosphate on a 
molar basis. 

The entire acetone fractionation procedure was car- 
ried out at a. Two hundred mg of the venom were dis- 
solved in 12 ml of cold distilled water and the solution 
WaessciLired fOr 2 min prior to the addition of 8 ml of 
O.5 M ammonium acetate buffer, pH 4 (see Appendix). After 
2 min of stirring, 14.5 ml of acetone were added dropwise 
with stirring, and then stirring was continued for one 
hour. The precipitate was removed by centrifugation at 
4400 g for 15 min. The clear supernatant solution was 
mixed with 5.5 ml of acetone by dropwise addition, with 
Sewirecing, and, after stirring for a further 15 min, the 
precipitate was collected by centrifugation at 4400 g 
for 15 min. Excess acetone was allowed to evaporate by 
leaving the pellet in air for two min. The pellets ob- 
tained in two such preparations were dissolved in 50 ml 
of distilled water. 

The solution of phosphodiesterase recovered from 
acetone fractionation was further purified by a modifi- 
cation of the original procedure of Hurst and Butler 
(1951). The solution was passed through a 5 cm x 2.5 
cm cellulose column prepared from 5 gm of Whatman puri- 


fied cellulose pulp and the effluent was collected in 
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10 ml fractions. Distilled water was passed through the 
column until the optical density (280 mi) of the effluent 
decreased to zero after collecting about twelve fractions. 
The ultraviolet absorption spectrum of each of the frac- 
tions indicated that acetone from previous purification 
steps was present and thus the pooled fractions were evap- 
Orated in a flash evaporator at 25° to a volume of about 
40 ml in order to remove the acetone, and the resulting 
solution was then diluted with distilled water to give an 
optical density of 0.5 at 280 mt. The volume of the en- 
zyme solution at this stage was about 120 ml. Aliquots 

of 20 ml were passed through 1 cm x 2.5 cm cellulose col- 
umns prepared from 1 gm of Whatman purified cellulose pulp. 
Distilled water was then passed through the columns until 
the optical density (280 mi) of the effluents decreased 

to zero. Evaporation and fractionation of the pooled ef- 
fluents on 1 gm cellulose columns were continued under the 
conditions just described, until the pooled effluents con- 
tained about 15 mg of protein (15 s.u. measured at 280 m). 
The resulting solution had suitable phosphodiesterase ac- 
tivity and was usually devoid of the contaminating phos- 
phomonoesterase Or nuclease activities present in the o- 
riginal venom. The details of a typical purification, 
conducted on 400 mg of Russell Viper venom, are shown in 


Table. 1. 


(iii) Preparation of pNp compounds. 


Five hundred mg of high molecular weight ribonucle- 
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ates isolated from E. coli were dissolved in 25 ml of dis- 
tilled water. The ribonucleate solution was mixed with 25 
ml of 2 M ammonium hydroxide solution, adjusted to pH 10 
with concentrated formic acid, and the resulting solution 
was incubated at 51° for 18 hours. The pH of the solution 
was then adjusted to 9.2 by the addition of concentrated 
formic acid before the addition of 20 mg of lyophilized 
Russell Viper venom. Digestion with whole venom was al- 
lowed to proceed at eye for 6 hours and then the solution 
was mixed with 10 ml of a 10 M potassium hydroxide solu- 
tion. The alkali hydrolysis was allowed to proceed at 
room temperature for 18 hours. The solution was then 
cooled to 0° and neutralized with concentrated perchloric 
acid. The copious precipitate of potassium perchlorate 
was removed by centrifugation and further precipitation 

of salt was effected by placing the supernatant solution 
at 0° for one hour. The clear supernatant solution was 
decanted and diluted to two litres with distilled water 
and the resulting solution was passed into a 20 cm x 2.5 
cm column of DEAE-cellulose (in the formate form). Nu- 
cleosides and nucleoside monophosphates were eluted from 
the cOluUmn as described in Part II (ii) of the thesis. 

The column was washed with one litre of water and then 
PNp compounds were eluted with 100 ml of 1 M pyridinium 
formate, pH 4.5. The pyridinium formate was evaporated 
and the residue dissolved in 25 ml of 0.6 M ammonia. The 
ammonia solution was evaporated and the resulting residue 


Was dLesolved in 10 ml of distilled water. The solution 
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contained 1300 s.u. of nucleotide material (measured at 
260 mu). The pNp compounds were contaminated with a large 
quantity of alkali-labile oligonucleotides at this stage, 
and thus the solution was made molar with respect to po- 
tassium hydroxide and incubated for 90 hours at room tem- 
perature in order to convert the oligonucleotides to mono- 
nucleotides. The hydrolyzate was neutralized and fraction- 
ated on a DEAE-cellulose column as described in Part II (ii) 
of the thesis. The final yield of pure pNp compounds was 
325 s.u. (260 mu), and their purity was established by two- 
dimensional chromatographic analysis using system A and 
system B (see Part II (iv)) in succession. The studies of 
Part V (iv) of the thesis have suggested simpler procedures 
for preparing these compounds in improved yields but the 
foregoing description is a detailed account of the origin 
of the pNp compounds which were examined in Part IV (i) of 


this thesis. 


Le Preparation of pN>p compounds. 


Five hundred mg of high molecular weight ribonucle- 
ates isolated from E. coli were dissolved in 50 ml of dis- 
tilled water and the resulting solution was mixed with 15 
Hieotel Meamnonium formate butter, pH 9.2 betore the addi- 
PLoOnnoLeo nL. Of a SsOLULLOnN Containing 8 mg or Russell Vi= 
per venom and 1.25y of crystalline pancreatic ribonuclease. 
The resulting solution was incubated at 37° for 20 hours 
betcre ailucion with water to 666 ml, and after adjust- 


ing the pH of the diluted hydrolyzate to 7.8, the sol- 
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ution was passed into a 15.5 cm x 2.5 cm column of DEAE- 
cellulose pre-equilibriated with 0.025 M TRIS-formate, pH 
7.8. Nucleosides and nucleoside monophosphates were elut- 
ed from the column as described in Part II (ii) of the the- 
Sis, before washing the column with 500 ml of distilled wa- 
ter. The pN>p compounds were eluted from the column with 
130 ml of 1 M pyridinium formate, pH 4.5 and were recovered 
and chromatographed as described in section (iii) of this 
Part of the thesis. The final yield of pure pN>p compounds 
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PART II - ANALYTICAL PROCEDURES 


(i) Assay of snake venom phosphodiesterase activity. 


The activity of phosphodiesterase preparations was as- 
sayed by measuring the rate of release of acid-soluble ma- 
terial during the hydrolysis of ribonucleates. The follow- 
ing solutions were mixed in rapid succession with the aid 
of a vortex mixer: 1 ml of a 1% aqueous solution of RNA 
Panera oUYS.U., 25 1m Of constituent nucleotides), 0.5 ml 
of 1 M ammonium formate buffer, pH 9.2 (500 um ammonia, 500 
um ammonium formate) and 0.5 ml of enzyme solution (150 y 
protein for "purified" enzyme, 1000 y for crude venom). The 
resulting solution was incubated at 37° for one hour and 
then mixed, using a vortex mixer, with 4 ml of a 5% aque- 
ous solution of TCA (0.3 M, 1200 um TCA). The resulting 
precipitate was removed by centrifugation and the absorb- 
ance of the supernatant solution was measured at 260 m. A 
20-fold dilution of the supernatant solution was usually 
required for measurements of optical density. The total 
s.u. (260 m.) in the supernatant solution was then calcu- 
lated: 
volume supernatant solution x dilution x absorbance (260 m.) 
Ors ahras) x 20 x A560 
A correction for the contribution of reagents to the total 
absorbance of supernatant solutions following TCA precipi- 
tation was obtained by performing the assay with 0.5 ml of 
distilled water rather than enzyme solution. This correc- 


tion amounted to 4 s.u. and was subtracted from the assay 
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values obtained with enzyme solutions. 

For complete hydrolysis of 10 mg of ribonucleates in 
one hour, the supernatant solution after TCA precipitation 
contained about 254 s.u. Application of the correction 
gave a value of 250 s.u. for the amount of nucleotide ma- 
terial in the supernatant solution after complete hydroly- 
Sis. Assays were performed with phosphodiesterase solu- 
tions which had a range of activity corresponding to the 
release of 70 - 90 s.u. of TCA-soluble material in the as- 
say (about 30 - 40% hydrolysis). 

The phosphodiesterase activity of solutions in this 
standard assay could be conveniently expressed as a hy- 
drolysis rate (hr*) in two different ways. 

S.u. in TCA supernatant solution - 4 
Oa LOLS ae 

220 
(ii) uwmoles of phosphodiester linkages cleaved 
stu. in TCA supernatant solution - 4 
ie 

The mean mmolar extinction coefficient (260 mi) of the 
four major nucleotide components of the ribonucleates is 
11, and for 100% cleavage the hydrolysis rate was 23° = 
23 um of phosphodiester linkages cleaved per hour. The 


second mode of expressing activity is valid since phospho- 


diesterase is an exonuclease which releases one mole of 


5'-mononucleotide per mole of phosphodiester linkage cleav- 


ed, and the mononucleotides are completely soluble in TCA 


while polymers greater than about ten nucleotides in length 


are not soluble in TCA. Therefore the correlation between 


100 


"Se 
’ 


,arciipioa sityane arewi B ns ta 
ib aegestounod!s 32 4m OL 26 elagiosbyl saat 
wWrtevigioeic SOY =atte aoriyoloe Jnecsgateges ond 

nel4¢seyguc. aft 26 Oo sep2tqgA .d.e BES sods B 
am abi@ueleba Wcities ete 20] ove Oe Fe sus 


ay 


- (orp yr MH liemon Lette mo7 puiGe Sager eit ee Tic 


i 
ule ES iI9Jr Se oy oma Adytw Youtt 2169 siow soon at 

’ Es 7 ae 
47 6 or>.- babes 4 rev LINE © epags & bot fot 


‘yeade jgufos-AagT 30 .y.e 028 = OF 20 
(ateviereygt aoe -— 08 ap 
Side ns ued tale | viivites sem estes ibodgeedg oar 


“as 


fe 4 fader” | vicnginevaoo sd bie yaass sbi 
aoa 

- . me? 

ay le i Pte Fa + %) LAS my ey rz (+ taf) a2ex% sk if 


= iit ites Teague Ali? AL wwe 


eix— ----—- —-— + - = = afey, 


- itu neJbrisd’= AT née . ez 
-_ - = ae a ee ae 
il 


ai* 30 (.n 889) oneiaitiecs sai soalisee oe 

24 weleofovnodin of) 16 actnancemoo shitoniowd 1ofem 

if “* * = ’ 

= =" auw of+. elayfotovd aft suswseip BOOL Gee ae 
" wot asq Beveat> japetadl ts32 abies 

-oideota sunts bilev BY wel Pbiba onteaextine Ss 

22 Blom eile asenelos Aoedw sessteudcid a 

-veeis epetnil t9Janibogos cde 26 20h Rp - 

JOS L 

: - 7 

a as , 
_ 


AIT ol siding vVioersfaqmes e144 as o owe : 
i 7 7 ang 


foneer mf eat! Josioun ted doce rset ety 8 


3 
ute 


a 


a Tx 


| 


SwSed imMisefeisc> ads stonysoHit /y : 


ey ee 


umoles of phosphodiester linkages cleaved and TCA-solukle 
nucleotides is valid even after 99% hydrolysis of the ribo- 


nucleates. 


Ot) Anion-exchange fractionation of alkali and phospho- 


diesterase hydrolyzates on DEAE-cellulose. 


Standard DEAE-cellulose # 70 was purchased from Carl 
Schleicher and Schuell Co. and was converted to the form- 
ate form by the following procedure. About 100 gm of DEAE- 
cellulose was suspended in 2 litres of 1 M KOH and the sus- 
pension was stirred for 5 minutes prior to filtration ona 
Ssintered-glass funnel. The cake obtained after filtration 
was washed with 1 M ammonium formate buffer, pH 5.4 until 
the effluent had a pH value of 5.4 whereafter the DEAE- 
cellulose was washed with 0.025 M ammonium formate buffer, 
pH 5.4. until the effluent had an optical density at 220 mu 
of about 0.4 and an optical density at 260 mu of zero. 

Alkali and phosphodiesterase hydrolyzates of ribo- 
nucleates were neutralized with formic acid and diluted 
to give a salt concentration of about 0.02 M. Alkali hy- 
drolyzates containing between 10,000 and 25,000 s.u. (260 
mi) were passed into 12 cm x 4.5 cm DEAE-cellulose columns. 
Phosphodiesterase hydrolyzates containing 1,300 s.u. (260 
mu) were passed into 7 cm x 2.5 cm DEAE-cellulose columns. 
The compounds present in the hydrolyzates were eluted from 
the columns in the order of increasing negative charge of 
the compounds. At pH 7.8, nucleosides (N) have zero charge, 


nucleoside monophosphates (pN and Np) have two negative 
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TABLE II 


Eluents used to fractionate alkali hydrolyzates of 


the 18S + 28S ribonucleates on DEAE-cellulose. 


Compound: | Net charge at | Eluent: 


| pH 7.6 


| 
N | O H,0 
Np -2 0.085 M TRIS 
formate, pH 7.8, 
7 M Urea 
NxpNp | =3 0.17 M TRIS 
formate, pH 7.8, 
7 M Urea 
pNp + NxpNxpNp | -4 LoM Pyridinrom 


formate, pH 4.5 
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TABLE III 


Eluents used to fractionate phosphodiesterase 
hydrolyzates of the 18S + 28S ribonucleates 
on DEAE-cellulose. 


Eluent: 


Compound: Net charge at 


PN 0.085 M TRIS 
formate? pHe/-_s, 


7 M Urea 


| PN>p + pNpN 


O7.35eM TRIS 
EOrmMatCe ye phe o. 
7 M Urea 


PNp + pNpNpN 


1 M Pyridinium 
formate, pH 4.5 


a5 1 


charges, dinucleotides (pNpN and NxpNp) and cyclic nucleo- 
side diphosphates (pN>p) have three negative charges, while 
open nucleoside diphosphates (pNp) and trinucleotides (pNpNpN 
and NxpNxpNp) have four negative charges. The eluents used for 
stepwise elution of these compounds are listed in Tables II 
and III. It is necessary to include urea in the eluents in 
order to achieve separation on the basis of net charge (Tom- 


linson and Tener, 1963). 


as a Desalting of nucleate derivatives in the effluents 


from DEAE-cellulose columns. 


The nucleate derivatives in effluents obtained from 
the fractionation of hydrolyzates of ribonucleates on DEAE- 
cellulose were desalted by adsorption to and elution from 
either charcoal or DEAE-cellulose. 

The pH value of the effluent containing nucleosides 
(O.1 - 1 umoles in 200 - 300 ml of solution) was adjusted 
Lonowy ene addiction of a few drops. of concentrated formic 
acid and the resulting solution was then passed through 4 
50 mg charcoal disc which was mounted between two layers 
of # 545 celite in a column which was 2.5 cm in diameter. 
The column was then washed with 150 ml of distilled water 
to remove residual salt, and the nucleosides were elutes 
from the charcoal with an eluent made by mixing 45 ml of 
distilled water, 45 ml of 95% ethanol and 4 ml of concen- 
trated ammonia. The ammoniacal ethanol effluent was evap- 
orated in a flash evaporator at 40° and the resulting dry 
residue was recovered in a volume of 0.1 - 0.2 ml of water 


for paper chromatography. The recovery of nucleosides by 
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this desalting procedure was about 85 per cent. 

Nucleoside monophosphates could be effectively desalt- 
ed in the same manner, with about 85 per cent recovery, but 
nucleoside diphosphates could only be recovered in compara- 
ble yields by using elaborately constructed columns having 
multiple layers of charcoal. A summary of the results ob- 
tained with the different types of compounds is shown in 
Table IV. It is particularly noteworthy that the pNp com- 
pounds adsorbed to charcoal very poorly from salt-free so- 
lutions in contrast with the nucleosides and nucleoside 
monophosphates which seemed to be unaffected by the pres- 
ence Or absence of salt in the influent. 

The compounds having phosphate groups (pN, pNp and 
PN>p) were usually desalted on DEAE-cellulose columns in 
the following manner. The effluents containing 1 - 100 
s.u. of the phosphorylated compounds were diluted with 
distilled water to a salt concentration of about 0.03 M 
and were then passed into 4 cm x 2.5 cm columns of DEAE- 
cellulose. The columns were washed extensively with dis- 
tilled water (1 - 1.5 litres) to remove residual salt and 
urea, and then the nucleotides were eluted from the cellu- 
lose with 100 ml of 1 M pyridinium formate, pH 4.5. The 
pyridinium formate, being a volatile salt, was removed by 
evaporation ina flash evaporator at 40° and the pyridin- 
ium salts of the nucleotides were converted to ammonium 
salts by evaporation in 0.5 M ammonium hydroxide solution. 
The recoveries of nucleotides were about 90 per cent. 


Any oligonucleotide material in phosphodiesterase 
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hydrolyzates was eluted from DEAE-cellulose by 1 M pyri- 
dinium formate and the effluent was desalted by direct 

evaporation at 40°. The Oligonucleotides were converted 
to their ammonium salts by evaporation in 0.5 M ammonium 


hydroxide solution. 


lv Separation of N Np and pN>p compounds b aper 


chromatography. 


The nucleosides and nucleoside diphosphates were 
separated by paper chromatography. The aqueous solutions 
of nucleosides and nucleoside diphosphates from column 
Separations on DEAE-cellulose were desalted and concentrat- 
ed for spotting as described in Part II (iii) of the the- 
sis. The solvent for one-dimensional separations was com- 
posed of 80 volumes of 95% ethanol and 20 volumes of dis- 
tilled water and was used together with Whatman No. 1 paper 
which had been impregnated with ammonium sulphate by dipp- 
ing through a solution made by mixing 10 volumes of satu- 
rated ammonium sulphate solution with 90 volumes of dis- 
tilled water (Lane, 1963). This will be subsequently re- 
ferred to in the thesis as system A. When separation of 
pNp and pN>p compounds was incomplete in a One-dimensional 
chromatogram, further separation was achieved with a sec- 
Ond dimensional development using a solvent made by mixing 
80 volumes of saturated ammonium sulphate solution and 2 
volumes of isopropanol. This will be subsequently referr- 
ed to in the thesis as system B. 


One-dimensional chromatography was always satisfac- 
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tory for resolving the nucleosides of alkali or phosphodi- 
esterase hydrolyzates, and was usually adequate for resolv- 
ing the nucleoside diphosphates of phosphodiesterase hydro- 
lyzates. Two-dimensional chromatography was essential for 
separating the nucleoside diphosphates of alkali hydrolyz- 


ates from alkali-stable trinucleotides. 
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TABLE V 


The fractionation on DEAE-cellulose of a 
90 hour alkali hydrolyzate of 18S + 28S 


ribonucleates from wheat germ 


Original charge 27,000 S.u. 


N 36 (6.01. 


Np 26,442 s.u. 


17,025. 8.05 


NxpNp 


PIGS. Us 


21/7039) 82. 


| PNp + NxpNxpNp 


Total recovery 
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Nucleosides 


Ultraviolet photographs of two-dimensional paper chromatograms 
which depict the separation of nucleosides and diphosphonucleo 
sides derived from 90 hour alkali hydrolyzates sof the 18S +723 


ribonucleates from wheat germ. 


Diphosphonucleosides 


Figure 3) 


PART III - ANALYSIS OF THE NATIVE END GROUPS OF 18S + 28S 


RIBONUCLEATES FROM WHEAT GERM. 


(i) The rational and experimental basis of the analysis. 


The rational basis for the view that the native end 
groups of the 18S + 28S ribonucleates appear as nucleosides 
and nucleoside diphosphates in alkali hydrolyzates has been 
discussed in the Introduction of the thesis. 

The experimental basis for the column fractionation 
of alkali hydrolyzates, and for the recovery of nucleosides 
and nucleoside diphosphates from column fractions, has been 
described in Part II (ii) and Part II (iii) of the thesis, 
respectively. 

The details for one such column fractionation of a 
90 hour alkali hydrolyzate of the 18S + 28S wheat germ 
ribonucleates are shown in Table V. The two-dimensional 
paper chromatographic separations of the nucleosides and 
nucleoside diphosphates from the 90 hour alkali hydrolyz- 
ate described in Table V are illustrated by the ultravi- 
Olet photographs of Figure 1. The ultraviolet spectra 
of the nucleoside diphosphates are also shown in Figure 
1. A double-wavelength calculation is needed for the 
quantitative measurement of guanosine in the nucleoside 
fraction of 90 hour hydrolyzates because of the presence 
of adenine which separates imperfectly even after two- 
dimensional chromatography. The bases result from trace 
N-glycosyl cleavage during the extensive treatment in l 


M alkali. The ultraviolet photograph and spectral chart 
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Ultraviolet photograph of a one-dimensional paper chromatogram depic 
ting the separation of the nucleosides obtained from a 43-hour alka: 
hydrolyzate of the 18S + 28S ribonucleates from wheat germ. 


Spectral 


chart 


Ultraviolet photograph 


Figure 2 


=30- 


of Figure 2 show the one-dimensional separation and spec- 
tral analysis of nucleosides from a 43 hour alkali hydro- 
lyzate, and it is evident from the guanosine spectrum that 
contamination by adenine is negligible. 

The processing of the primary data will be outlined 
for the nucleoside diphosphates of the 90 hour alkali hy- 
drolyzate and for the nucleosides of the 43 hour alkali 
hydrolyzate. 

The aliquot of pNp compounds used for paper chroma- 
tography (Figure 1) corresponded to 40% of the material 
in the pNp + NxpNxpNp fraction (Table V), and each com- 
pound was eluted from the chromatogram in 5 ml of 0.1M 
hydrochloric acid solution. The total amount of nucleo- 


tide material in the hydrolyzate from which the pNp com- 


27,600 
Li 


the Overall recovery of pNp compounds was presumed to be 


pounds were isolated was 2,510 wmoles, and 
90 per cent. Thus, the quantity of each nucleoside di- 
phosphate in mole per 100 moles of total nucleotides was 


estimated in the following manner: 


ul 100 100 100 _ 
PADS wUn LOGOS x 14.2 * 3510 xX “a9 * 90 0.006 
L 100 00 LO0s2 
Dep. -U,650 2 °5 x 11.6 * 2510 * 40 x “909 eS. 
Bolen (Oreo 5 St s ee x — x eS 0.020 


6.4 25010 40 
a 0 


100 wf 
Us Usa os SX 10 ~*~ 2510 * 40 * 90 Ol.U23 


II 


Net pNp = 0.080 mole/100 moles nucleotides. 


The aliquot of N compounds used for paper chromato- 
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TABLE VI 


The end groups determined by alkali hydrolysis of the 


18S + 28S ribonucleates from wheat germ. 


Component mole/100 moles nucleotides 
Preparation 1 
A Sicecis 0.016 
G 0.024 0.024 
G O02. | 07019 
U OLOZ1 | 0,019 
cep (AC aA mee ieee ara 
Ap 0.008 : 000-7 
pGp On 31. Ose 
pCp 0.020 O0:L.3 
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graphy (Figure 2) corresponded to all of the material in 
the nucleoside fraction of a 43 hour hydrolyzate and each 
compound was eluted in 5 ml of water. The total amount of 


material in the hydrolyzate from which the nucleosides were 


10,890 
i be 


of nucleosides was presumed to be 85 per cent. Thus, the 


isolated was = 990 wmoles, and the Overall recovery 


quantity of each nucleoside in mole per 100 moles of total 


nucleotides was estimated in the following manner: 


A: 0.437 x 5 x =- x Sop X “oe = 0.016 mole/100 moles 
Gee URL x: 5.x a x a x = = 0.026 i 
Greevacoo. 5S X =~ x a x ars = 0.020 4 
Ure Oo IS BbanSex sion x an x a = 0.020 4 


Net N = 0.082 mole/100 moles nucleotides. 

A summary of the results of nucleoside and nucleo- 
Side diphosphate analyses on two preparations of 18S + 28S 
wheat germ ribonucleates is shown in Table VI. 

The data of Table VII show the results of similar 
analyses performed on degraded ribonucleate preparations. 
The analysis of the "8S ribonucleates" from E. coli was 
performed on the same scale as the analysis shown in Table 
V but the analysis of the commercial specimen was per- 
formed on only 800 s.u. Of material. The lack of equiva- 
lence between the quantity of nucleosides and the quantity 
of nucleoside diphosphates in the case of the fragmented 


ribonucleates from E. coli probably relates to the fact 
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that only one attempt was made to analyze the nucleoside 
diphosphates, and in this attempt, all materials binding 
to DEAE-cellulose more tightly than the 2' and 3' nucleo- 
tides were eluted with 1 M pyridinium formate. About 50 
per cent of the material binding more tightly than 2' and 
3' nucleotides was not nucleoside diphosphate and inter- 
fered with the resolution of nucleoside diphosphates. 
Consequently the presumption of 90 per cent recovery is, 


in this instance, almost certainly an underestimate. 


(ii) The significance of the results for concepts of the 


chemical structure of 18S + 28S ribonucleates. 


The data on the type I structures present in de- 
graded ribonucleate preparations show that limited de- 
gradation, as in the case of the E. coli ribonucleates, 
does not result in any notable increase in the end groups 
GE type I structures. The studies in Part IV (ii) of 
this thesis show that the end groups resulting from lim- 
ited fragmentation are characteristic of type II and III 
structures in the case of the E. coli ribonucleates. Even 
after extensive degradation, as in the case of the commer- 
cial ribonucleate sample, it is clear that the increased 
quantity of end groups of type I structures is about ten- 
fold smaller than the increase in the quantity of the end 
groups of type II and III structures (see Part IV (ii)). 

The data on the 18S + 28S ribonucleates from wheat 
germ indicate that the primary structures have a mean 


chain length of about 1300 nucleotide residues, and the 
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presence of all four bases at each type of chain terminus 
shows that there are, minimally, four different chains. 

The possibility that the 28S component may be composed of 
chains having the same length and end group characteris- 
tics as the 18S chains arises from the fact that the number 
average molecular weight of the 18S + 28S ribonucleates, 

by end group analysis, is consonant with the physicochemi- 
cal estimates of the weight average molecular weight for 
the 18S component. 

Further speculation would not seem warranted but 
these data have obvious relevance to current concepts of 
ribonucleate biosynthesis. They should assist in discern- 
ing among different possible mechanisms which are being 
put forth concerning chain initiation, termination and 
cleavage processes associated with ribonucleate biosynthe- 
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PART IV - ANALYSIS OF THE END GROUPS WHICH RESULT FROM 


PHOSPHODIESTER CLEAVAGE OF RIBONUCLEATE CHAINS. 


(1) Hydrolysis of ribonucleates by snake venom phosphodi- 


esterase. 


(a) The rational and experimental basis for the method. 


The rational basis for the view that end groups pro- 
duced by ribonucleate cleavage appear as nucleosides and 
diphosphonucleosides in phosphodiesterase hydrolyzates has 
been described in section (ii) of the Introduction to this 
thesis. 

The experimental conditions for the end group analy- 
sis with phosphodiesterase were identical with the condi- 
tions described for assay of the enzyme (see Part II (i)) 
except that the hydrolysis was performed on a five-fold 
larger scale, in order to obtain measurable quantities of 
end groups. Thus 50 mg of ribonucleates in 5 ml of water, 
was mixed with 2.5 ml of 1 M ammonium formate buffer, pH 
9.2 and 2.5 ml of purified enzyme. The enzyme hydrolyzed 
the ribonucleates at a rate of 7 umoles of phosphodiester 
linkages per hour in the standard assay, corresponding to 
a rate of 5 x 7 = 35 wmoles of phosphodiester linkages in 
the first hour of the end group analysis. The mixture was 
incubated at 37° for 24 hours before diluting to 100 ml 
Worn distilled water, and adjusting the pH to 6.5’ with 1.5 
M acetic acid. The optical density was measured and the 
hydrolyzate was passed into a column of DEAE-cellulose and 


fractionated as described in Part II (ii) of the thesis. 
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TABLE VIII 


Results of column fractionation On DEAE-cellulose 


of a typical phosphodiesterase hydrolyzate, 


Fraction s.u. (260 m) Volume of eluent 
(m1) 
Original charge | L3L6 : = 
N io 250 
pN L302 885 
pN>p Ziad Ue fs 
Oligonucleotide | cas | 100 


* Spectral analysis showed this to be largely 


non-nucleotide material. 
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Paper chromatographic resolution and spectral analysis of the nucleo- 
sides and diphosphonucleosides derived from phosphodiesterase hydrol- 
yzates of the 18S + 2858 ribonucleates from wheat germ. 


A B 
A: an analysis yielding about 0.1 mole per cent of each of N and 
pN>p. 


B: an analysis yielding about 0.2 mole per cent of each of N and 
pN>p. 


Figure 3 


-35- 


The resulting fractions were desalted and chromatographed 
On Paper as described in Part II (iii) and Part II (iv), 
respectively. 

iNvea typleal analysis, 50 mg of the 18S + 28S ribo- 
nucleates isolated from wheat germ gave an original charge 
of 1318 s.u. of nucleotide material after hydrolysis with 
phosphodiesterase. A balance sheet for the column frac- 
tionation of the hydrolyzate on DEAE-cellulose is shown in 
Table VIII. The amounts of the individual components in 
the nucleoside and diphosphonucleoside fractions were cal- 
culated after separation by paper chromatography in sys- 
tem A. The individual compounds were eluted from the paper 
with 1.5 ml of distilled water, and characterized spectrally 
between 220 mz and 340 mz using a Bausch and Lomb spectro- 
photometer. The quantities of individual compounds were 
calculated and expressed as mole per 100 moles of total 
nucleotides in the phosphodiesterase hydrolyzates with due 
regard for the 85 per cent recovery of nucleosides and 90 
per cent recovery of diphosphonucleosides. Typical separa- 
tions are shown in Figure 3 together with the spectra of 
the compounds after elution from the chromatograms. The 
calculations shown below specifically apply to the hydro- 
lyzate summarized in Table VIII and documented in the 
spectral chart shown in the left hand side of Figure 3. 
Calculations: 


Nucleosides: 
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Net N = .097 mole/100 moles nucleotide material 


present in the hydrolyzate. 


Diphosphonucleosides: 


PA>p: 0.309 x 1.5 x 7>— x Se x +88 = 0.029 
Poste Vowoe * Lob x Fae x aoe n a = 0.016 
Boscs 0cle2 x 1.5 x= — x 555 x => = 0.024 
puree Gey; 0S ea x a x Sra = 0,038 


Net pN>p = .107 mole/100 moles nucleotide ma- 


terial present in the hydrolyzate. 


(b) The effects of nuclease and phosphomonoesterase con- 
tamination of snake venom phosphodiesterase preparations. 


Preparations of snake venom phosphodiesterase which 
were contaminated with nuclease or phosphomonoesterase 
yielded spuriously high end group values. 

Results of analyses in which contaminated enzymes 
were used in analyses for nucleoside end groups are tabu- 
lated in Table IX. These data have been discussed at some 


length elsewhere. (Lane, Diemer and Blashko, 1963). 
(c) An unusual side-reaction with amino alcohol buffers. 


The employment of amino alcohol buffers such as TRIS, 
DIOL and aminoethanol, for buffering phosphodiesterase hy- 


drolyzates, results in the formation of phosphodiesters be- 
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IX WIawh 


Tee. ALT 


The effect of substrate concentration, product concentration 
and phosphodiesterase inhibitors on the hydrolysis of pNp 


compounds in the presence of phosphodiesterase,* 


Concentration | Concentration inhibitor Hydrolysis 
of pNp of added pA (mmole /m1) (%) 
(umole/m1) (umole /m1) 


* The digests were desalted on DEAE-cellulose without a 
preliminary fractionation of the digests into pN and 
pPNp compounds. The pN and pNp compounds were resolved 
by 2-dimensional paper chromatography and the overall 
recoveries were uSually 70 - 80 per cent. The lower 
recoveries obtained in these experiments (cf. Table XI) 
Probably relate to the dirirculties in obtaining suit— 


able "blank" areas from the chromatograms. 
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tween the buffer and the 5‘'-nucleotides. The isolation and 
identification of these compounds has been described else- 
where (Lane, Diemer and Blashko, 1963) and quantitative data 
to show the extent of the formation of these compounds are 


presented in Table X. 


dq The stability of pNp and pNp compounds in the phospho- 


diesterase hydrolyzates. 


The stability of pNp compounds under the conditions of 
end group analysis with phosphodiesterase was investigated by 
incubating the compounds with snake venom phosphodiesterase 
atrpH 9.2 and 37°. An aqeous solution of the pNp compounds was 
Mined, with 2.5 mi of 1 M ammonium formate buffer, pH 9.2 and 
2.5 ml of a solution of purified phosphodiesterase. The total 
volume of the digest was brought to 10 ml with distilled water 
and was incubated at 37° for 24 hours. 

It was found that the pNp compounds were hydrolyzed to 
PN compounds and that the pN compounds were stable end pro- 
ducts of the hydrolysis. The digests were fractionated into 
pN and pNp compounds by separation on DEAE-cellulose (Part II 
(ii)) . The compounds were desalted on DEAE-cellulose (formate 
form) and were then resolved by one-dimensional paper chroma- 
tography in system A. The results of a typical experiment are 
shown in Table XI. The pNp compounds were completely stable when 
phosphodiesterase was omitted from the digests. 

The effects of substrate concentration, product 
concentration and phosphodiesterase inhibitors, on the 
extent of hydrolysis of the pNp compounds was examined, and 


the results are shown in Table XII. These findings are con- 
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Ultraviolet photographs of paper chromatograms showing 


the hydrolysis of PN>p compounds after various periods 


of time at pH 9.2 and 37°. 
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sistent with the view that phosphodiesterase is itself respon- 
Sible for the hydrolysis of pNp compounds. It hydrolyzes the 
2' and 3' phosphomonoester bonds at about 1/2000th the rate at 
which it hydrolyzes diester bonds in ribonucleate chains. The 
failure to detect hydrolysis of Np compounds by phosphodiester- 
ase is also consistent with the activating effect of a 5" phos- 
phomonoester group in the hydrolysis of pNpN compounds by phos- 
phodiesterase (pNpN compounds are hydrolyzed 20-fold faster 
than NpN compounds). A relevant situation has been noted with 
a 3'-phosphomonoesterase from rye-grass which appears to have 

a phosphodiesterase activity (Lane and Butler, 1959; Freeman, 
1964). There was no detectable hydrolysis of pN>p compounds 

by venom phosphodiesterase under the same conditions which 
caused extensive hydrolysis of pNp compounds. 

A time course study was undertaken in order to establish 
tier rate “Or spontaneous conversion of" pN>p compounds to pNp 
compounds under the conditions used for phosphodiesterase hy- 
drolysis of ribonucleates. The reaction mixture contained 200 
Sel seo fea iil xXxcuLre of “the +pC>}prand pUSp: compounds "in*0''5 -ml “of 
0.25 M ammonium formate buffer, pH 9.2. Aliquots of 100A were 
taken at 0, 48, 96, 144 and 760 hours after the beginning of 
the incubation and were chromatographed in system A, The ul- 
traviolet photographs of several of these chromatograms are 
shown in Figure 4. 

The chromatograms were eluted and the amounts of indi- 
vidual compounds were calculated as described elsewhere in 
the thesis. The results obtained are presented in Table XIII. 


The rate constant for a presumed first order reaction 
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was determined algebraically for each "time", and these calcu- 
lated values are also shown in Table XIII. The results indicate 
that pN>p compounds are subject to slow hydrolysis at pH 9.2. 
If the hydrolysis is presumed to be first order then the propor- 
tional hydrolysis of 2',3" cyclic phosphodiester bonds (dA/At=k) 
is about 0.002 mole per mole of phosphodiester bond per hour, 
and is about ten times faster than the mean rate of hydrolysis 
of the 3'-5' phosphodiester bonds measured for ribonucleates 
under the same conditions (i.e. phosphodiester bonds in the ri- 
bonucleates are hydrolyzed at a rate of about 0.02 mole per 100 
moles per hour or 0.0002 mole per mole of phosphodiester linkage 
per hour). 

A small degree of hydrolysis of pN>p compounds (less than 
10%) to pNp compounds could be expected in the 24 hour period 
of an end group analysis but the concentration of the pN com- 
pounds in the digests would be expected to inhibit further hy- 
drolysis of the pNp compounds to pN compounds. Since pNMp com- 
pounds are stable toward phosphodiesterase hydrolysis, there 
would be no reason to expect more than 10 per cent destruction 
of either PNp or pN>p compounds in the end group analyses by 
phosphodiesterase hydrolysis. It is not possible to account 
for the discrepancies of greater than 10 per cent which have 
been observed between nucleoside and diphosphonucleoside meas- 
urements in a number of analyses of fragmented ribonucleate 
preparations. They may be attributable to a removal of 2'- or 
3'-phosphomonoester groups before release of the terminal resi- 
dues from chain ends of ribonucleates. An enzyme of this type 


has recently been discovered by Richardson et al. (1964). 
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AIX FTaVL 


aA = 
ii) End group measurements. 


a) An extensively degraded ribonucleate specimen of com- 


mercial origin. 


A preparation of badly degraded ribonucleates from 
yeast was purchased from Nutritional Biochemicals Co. and 
found to be polydisperse by sedimentation analysis. The 
sedimentation coefficient was about 2S in 0.1 M sodium 
chloride solution at a ribonucleate concentration of 0.3 
per cent. The analysis for the end groups of type I struc- 
tures in the preparation (Table VII) could not account for 
the small chain length expected from the sedimentation 
properties. The analyses for type II and III structures 
presented in Table XIV show that the bulk of the chains in 
preparations which have suffered extensive chemical and 
enzymic degradation are type II structures. The low 
yield of nucleoside diphosphates relative to nucleosides 
is attributable, in part, to some destruction of nucleo- 
Side diphosphates at the relatively high concentration of 
venom phosphodiesterase used in this analysis. It is also 
worth noting the possibility that such preparations could 
conceivably contain some endogenous nucleosides, although 
the quantity could not exceed 0.69 mole/100 moles as found 


inethesanalysis for type I structures (Table VII). 


(b) A partially degraded specimen of E. coli high mole- 


cular weight ribonucleates. 


A preparation of E. coli high molecular weight ribo- 
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nucleates which had been stored for about three years as 

a powder at room temperature was examined by sedimentation 
analysis and shown to have the properties characteristic 
of "subunit" ribonucleates. The preparation was polydis- 
perse and had a mean Sey ee of 8 when sedimented at an ion- 
ic strength of 0.04. The preparation was extensively ex- 
amined by end group methods in 1963 and it was found that 
the degradation apparent from sedimentation analysis was 
also evident from measurements of the amount of end groups 
found for type II and III structures. This work has been 
discussed extensively elsewhere (Lane et al., 1963). The 
preparation was examined about one year later, in 1964, 
after further storage in the powder state at room tempera- 
ture. The data from these analyses are shown in Table XV 
and it is evident that the relative rate of increase of 
individual end groups over a four year period was quite 
uniform. This suggests that fragmentation occurs spon- 
taneously during storage in the powder state with the 
appearance of new type II and III structures. As mention- 
ed earlier in the thesis, there is no evidence for the 
production of type I structures during fragmentation of 


ribonucleate chains. 


(c) Undegraded 18S + 28S ribonucleates from wheat germ. 


The end group analyses of five different prepara- 
tions of 18S + 28S ribonucleates from wheat germ are shown 
in Table XVI. The data were obtained in 16 independent 


experiments, and indicate that the amounts of end groups 
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DAD LE. AViLL 


The effect of incomplete hydrolysis by phosphodiesterase on the 


End group: 


c 
U 


Total 
nucleosides 


pA>p 
pG>p 
pC>p 
pU>p 


Total diphospho- 
nucleosides 


end group measurements. 


Complete hydrolysis* 


GE Uon 
0.041 
ONO Ss 


Ors 


0.14 

O.022 
O.O18 
0,037 


0.042 


moles/100 moles nucleotides 


Incomplete hydrolysis** 


+ 0.012 
+ 0.008 
+ 0.007 


+ 0.007 


+ 0.028 
+ 0.003 
+ 0.002 
+ 0.004 


+ 0.012 


007 


es 
oO 


* Summary of 9 analyses for nucleosides and 4 analyses for 


diphosphonucleosides. 


** Summary of 7 analyses for nucleosides and 4 analyses for 


diphosphonucleosides. 
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varied between 0.1 and 0.2 mole per cent with different 
ribonucleate preparations. The diphosphonucleosides were 
found to be exclusively pN>p rather than pNp compounds. 
The data on undegraded ribonucleates are believed 
to reflect the fact that some spontaneous hydroxyl-ion 
catalyzed cleavage is unavoidable at the pH value of 9.2 
needed for venom phosphodiesterase hydrolysis and that 
all the nucleosides and diphosphonucleosides derive from 
nascent chain ends formed in the course of the end group 
analysis itself. The spontaneous hydrolysis rate at pH 
9.2 and 37° has been measured (Part V(i)) and could be 
expected to contribute at least 0.07 mole per 100 moles 
of total nucleotides to the end group measurements on 
the basis of the mean rate of hydrolysis over a 100 hour 
period at pH 9.2 and Shes This is illustrated by the 
data Of Table XVII where it can be seen that the amount 
of spontaneous hydrolysis during an analysis can be cal- 
culated from a knowledge of the time course of hydrolysis 
and a mean value for the rate of spontaneous hydrolysis. 
It is notable that the calculated contribution of spon- 
taneous hydrolysis is greater for a slower hydrolysis 
rate by phosphodiesterase, and that this was observed in 
practice, since higher values for end groups were obtain- 
ed when hydrolysis by phosphodiesterase was incomplete 
(Table XVIII). This was also apparent from the decreased 
quantity of end groups observed when the activity of the 
phosphodiesterase was increased (cf. the analysis of nu- 


Ccleate preparation 2 at two different concentrations of 
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phosphodiesterase preparation 2, Table XVI). 

The variation between 0.1 and 0.2 mole of end group 
per 100 moles of nucleotides for different ribonucleate 
preparations can perhaps be partly attributed to the pres- 
ence in the ribonucleates of variable small amounts of 
metal i10ns such as magnesium which has been shown to dras- 
tically alter the rate of spontaneous hydrolysis at pH 9.2 
and 37° (see Part V(ii)). The calculated contribution of 
spontaneous hydrolysis tothe end group values is not suffi- 
eclent to fully account for all the end groups measured in 
the analyses but this is not surprising since the rate of 
spontaneous hydrolysis might be expected to diminish with 
chain length and could, in the early stages, be greater 
than the mean value used in the calculation of end groups 
resulting from spontaneous hydrolysis. Additionally, very 
small amounts of ions like magnesium would be expected to 
make their contribution to an accelerated spontaneous hy- 
drolysis rate early in the analysis and make only a small 
contribution to the mean rate Over a long period. 

It is noteworthy that about 70 per cent of the nucle- 
Osides are purine nucleosides and about 70 per cent of the 
diphosphonucleosides are pyrimidine diphosphonucleosides 
in the analyses of Table XVI. This is in precise agreement 
with what would be expected if the end groups had resulted 
from spontaneous hydrolysis at pH 9.2 and 37° (see Part V 
GENER 

The values in the neighbourhood of 0.1 mole per 100 


moles of nucleotides can be accounted for reasonably well 
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as arising from spontaneous hydrolysis. The value of about 
O.2 mole per 100 moles would seem to be accounted for in 
this way if it is assumed that there is an accelerated rate 
of spontaneous hydrolysis due to the presence of small 
amounts of counterions such as magnesium in some ribonucle- 
ate preparations (see Part V(ii)). Alternatively, there 
might be a retarded rate of phosphodiesterase hydrolysis 

in the later stages of hydrolysis in some instances due 

to small amounts of inhibitory materials in some phospho- 
diesterase Or ribonucleate preparations. This latter possi- 
bility is supported by the observation that some resistant 
Oligonucleotide residues were Only slowly hydrolyzable even 
after reincubation with a large excess of fresh enzyme. A 
comparison of the analysis of nucleate preparations 4 and 

5 using the same amount of phosphodiesterase preparation 7 


serves to illustrate these contentions, (see Table XVI). 


d) Undegraded s-ribonucleates from wheat germ. 


Wheat germ s-ribonucleates, isolated and purified 
according to the method of Glitz and Dekker (1963), were 
analyzed for end groups by phosphodiesterase hydrolysis 
and the results are presented in Table XIX. The quantity 
Of end groups found for type II and III structures after 
phosphodiesterase digestion of the s-ribonucleates is 
probably ascribable to spontaneous hydrolysis in the course 
Of the analysis itself. This deduction is supported by the 


fact that the distribution of the bases in the nucleoside 
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fraction obtained after hydrolysis is the same as would be 
expected from spontaneous hydrolysis at pH 9.2. It may be 


concluded that the s-ribonucleates are exclusively type I 


structures, 
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PART V - THE CLEAVAGE OF 18S + 28S RIBONUCLEATES UNDER A 
VARIETY OF CONDITIONS COMMONLY EMPLOYED IN STUDIES OF RI- 


BONUCLEATES. 


The rates of spontaneous hydrolysis of ribonucle- 
ates were determined by preincubating the ribonucleates 
for a suitable period of time under selected conditions 
before adjusting the pH to 9.2 and hydrolyzing with ven- 
om phosphodiesterase. The quantity of end groups observ- 
ed by hydrolysis with phosphodiesterase, without preincu- 
bation, was subtracted from the quantity measured after 
specific conditions of preincubation to arrive at the 
quantity of new end groups formed as the result of the 
preincubation. Many of these experiments were performed 
prior to the development of adequate methods for recovery 
of diphosphonucleosides, and for this reason, the measure- 
ments of nucleosides are considered more reliable than 


measurements of diphosphonucleosides. 


(i) Spontaneous hydrolysis at pH 9.2 and Sia 


The data of Table XX show that there is some differ- 
ence in the rate of spontaneous hydrolysis among various 
ribonucleate preparations but that the differences are not 
great. It is also notable that the concentration of ammon- 
ium formate buffer had a marked influence on the rate of 
spontaneous hydrolysis since the rate of hydrolysis in 0.25 
M ammonium formate, pH 9.2, was about four times greater 


than the rate in 0.025 M ammonium formate buffer, pH 9.2, 
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This influence of buffer concentration was not simply an 
ionic strength effect since replacement of ammonium form- 
ate by sodium chloride (i.e. 0.025 M ammonium formate - 
0.22 M sodium chloride) gave a hydrolysis rate in accor- 
dance with the decreased ammonium formate concentration. 
This probably reflects the contribution of ammonia and/or 
ammonium formate to the hydrolytic catalysis. 

The influence of buffer concentration on the rate of 
spontaneous hydrolysis suggests that the quantities of end 
groups observed in the analyses of Table XVI might be sub- 
stantially reduced by conducting phosphodiesterase hydro- 
lysis in 0.15 M sodium chloride solution and titrating lib- 


erececa acaad Groups by addition of a strong alkali. 


(ii) The labilizing effect of magnesium counterion. 


A typical preparation of 18S + 28S ribonucleates was 
assayed for end groups of type II and III structures and 
its rate of spontaneous hydrolysis at pH 9.2 and 37° was 
determined. A sample of the same preparation was then con- 
verted to the magnesium counterion form and again analyzed 
for end groups and spontaneous hydrolysis at pH 9.2 and 37°. 
The data obtained in the end group analyses are presented 
in Table XX, 

From these data it can be concluded that the rate of 
spontaneous hydrolysis is about 5-fold greater when ribo- 


nucleates are in the magnesium counterion form rather than 
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in the sodium counterion form. 


(iii) The effect of heating at 100° and neutral pH. 


A sample of 18S + 28S ribonucleates, which had pre- 
viously been assayed for end groups by venom phosphodiester- 
ase hydrolysis, was incubated at pH 6.8 and 100°. The prep- 
aration consisted of two components with S504 values of 
13sande16.5..(0.05»Mephosphate ebuffer,...0.5%.ribonucleate 
concentration) before heating, and was polydisperse having 
a mean “90 RW = 9.6 after heating for one hour. New end 
groups of type II and III structures appeared at a mean 
rate of 0.12 mole per 100 moles of nucleotides per hour, 
(see Tables XXI, XXII). This shows that the "subunit" 
structures formed by heating ribonucleates at neutral pH 
(Hall and Doty, 1959) result from the cleavage of phos- 
phodiester bonds rather than from a disruption of secon- 
dary forces in an aggregate structure. 

Typical ultraviolet photographs illustrating the 
one-dimensional paper chromatographic resolution of pN>p 


and pPpNp compounds derived from these heating experiments, 


are shown in Figure 5. 


(iv) The hydrolysis rate at different pH values and 
temperatures. 


Ribonucleate preparations were incubated at various 
pH values and temperatures commonly used in the studies 
of ribonucleates and their derivatives. It is apparent 


that the hydrolysis rate in 0.1 M hydrochloric acid is 


ajeac!bodqaolg winrey yt equozp bas 20% boyseas. ' 
srg ot! “OOL fas 8.4 Bg ve bevedyame ow, aie 


tc apuley . _-@ Adtw etnenogaeD ows to. 


evolssvy 396 Bodsduoal orew 


Hy Ie ryan bye “Oot 


a 


iq Gs colidw ,e5seeTounedis B89 4 Sau. toe 


“yy 


sinetquauodia 24.0 ,2eb2ed otadgaory Bal sac 


vs astecakbyiog ssw be ~praeed! exeked toi 
bas well . dod sac 202 pn hase zesks 5. = #0 s 
agen o 26 baveeqqs aaosousseltes bas it oe 

ve t 


oo 14¢ ashicecefcoen to eaten OGL, t9q. sion 5.83 
Trwdue , Sit *erno9 ee ale? . (rrxx , TXX, 20! 


¥ 


os e 
eh 


vie e 


miele 


ett): 
LST hit 

. 
a* 


m4 ra) 
ee 
+ 


Na Letdgued 36 setesloiiedss Rent Seen ee | > | 10! ' 
' aa 7 : 7 a) 
-20nq 30 Sravsain 4g? rex 219602 (226, . bos L 


» » oa = : 4 ae ; ed ‘ 
Pu m% eal 
yooee to aoflsqutelb es moxd peas ~—e Dat * ‘seid DF 
‘ z 7 At 
er = ne, 


Jourde sbspetpes nam hobs 
sohay? 


eft cortsiteClt endgexspeserq sotonennalein 
a<hg to ontteolewer oldesteosauciis Yeqeq: 


encemizcoqgxs oattsend seedt mox} bavive® 


bite ssulsy Ho siesee 


getbose ef3 af Bone tiacmae2 « 
inertsqggs at Jl .wawis 


et Bow shade 


Ss 


more than’ one-third the rate in 0.1 M sodium hydroxide 
solution at 30° (see Table XXII). This is not generally 
recognized since incubation in 0.1 M hydrochloric acid 

is commonly used as a means of cleaving 2',3' cyclic phos- 
phate ends of oligonucleotides on the assumption that 
3'-5' phosphodiester linkages are not cleaved under these 
conditions whereas 0.1 M sodium hydroxide is employed to 
achieve complete hydrolysis of ribonucleates. It is evi- 
dent that these two treatments are not as dissimilar as 
generally presumed. It is also apparent that the pH of 
maximum stability is probably on the acid side of neu- 
trality at 37° since the hydrolysis rate at pH 4 is 20- 
fold smaller than the rate at pH 9.2 (Table XX). This 
agrees with indirect measurements recently made by 
Ginoza et al. (1964) on the hydrolysis of tobacco mosaic 


virus ribonucleate. 
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PART VI - THE STORAGE OF 18S + 28S RIBONUCLEATES IN THE 


POWDER STATE. 


During the course of the investigations reported in 
the thesis there were indications that the high molecular 
weight ribonucleates underwent spontaneous degradation 
when stored as a powder at room temperature (see Table 
pata We In order to verify the occurrence of such a break- 
down, a preparation of 18S + 28S ribonucleates was analyz- 
ed for end groups immediately after isolation, and again 
at various times after being stored either at room temper- 
ature or at -20°. The end group data obtained from these 
analyses are shown in Table XXIII. Sedimentation analyses 
were also performed in parallel with end group analyses, 
and a summary of these data also appears in Table XXIII. 

The sedimentation data presented in Table XXIV sup- 
port the end group data of Table XXIII since there appears 
to be only very slight degradation at aes judging by the 
constancy of the areas cOrresponding to the 18S + 28S com- 
ponents in schlieren photographs. It is noteworthy that 
the relative amounts of material in the slow and fast peaks 
observed with schlieren optics is critically dependent on 
ribonucleate concentration. 

The photographs of Figure 6 show the sedimentation 
patterns of the same ribonucleate preparation when it was 
stored (a) at o0e and (b) at +20°. These photographs 
clearly support the end group data of Table XXIII since 
there is evidence of extensive degradation after storage 


at +20° for 88 days, but no evidence of degradation dur- 
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ing storage at OO ne 

It was concluded from these results that no signifi- 
cant amount of degradation occurred if the nucleates were 
stored as a powder at ES Totes but that considerable degrada- 
tion occurred if the nucleates were stored in the powder 
state at room temperature. The end group data demonstrate 
that the disintegration at room temperature reflects cleav- 
age Of phosphodiester bonds in ribonucleate chains, and not 
merely a dissociation of "subunit" chains held together in 


an aggregate structure by secondary forces. 
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PART VII - SUMMARY 


1. High molecular weight ribonucleates were isolated from 
wheat germ by a modification of the phenol method of Colter 
and Brown (1956). The procedure was suitable for preparing 


5 grams of pure 18S + 28S ribonucleates in one day. 


2. Alkali hydrolysis of the 18S + 28S ribonucleates yiel- 
ded nucleosides and nucleoside diphosphates in quantities 
indicative of a mean chain length of 1300 nucleotide resi- 
dues for chains having a type I (pNpN----pNpN----- pNpN) 
structure. The recovery of nucleosides and nucleoside 
diphosphates of each of adenine, guanine, cytosine and 
uracil has established that there are at least four dis- 


tinct ribonucleate chains in the preparations. 


3. Phosphodiesterase of Russell Viper Venom was part- 
ially purified by the method of Koerner and Sinsheimer 
(1957). Further purification was achieved by using a 
Mogji~cLhcatcaon Of the original procedure of Hurst and 

Butler (1951). The recovery of phosphodiesterase activity 
from whole venom was about 15 per cent. The overall puri- 
fication of phosphodiesterase was only 4-fold, but the re- 
Sulting enzyme was free of phosphomonoesterase and endo- 


nuclease activities. 


4. Phosphodiesterase hydrolysis of the 18S + 28S ribonu- 


cleates yielded nucleosides and nucleoside diphosphates 
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which derived from the chain ends of type III structures 
(i.e. NpNp----pNpN----pNsp ) but evidence was presented 
to show that the type III structures were not present in 
the preparations prior to incubation at the slightly al- 
kaline pH value of 9.2 needed for phosphodiesterase hy- 


dyolysis. 


5. Phosphodiesterase hydrolysis of 18S + 28S ribonucle- 
ates following preincubation under conditions which in- 
duce cleavage of phosphodiester bonds was used to measure 
the rate of hydrolysis of the ribonucleates at several 
different pH values and temperatures. Ribonucleate 
cleavage was characterized by the formation of new type 
III ( NpNp----NpNp----NpN>p ) and type II (NpNp---NpNp---Np) 
structures. The type III structures predominated under 
mild hydrolytic conditions and type II structures pre- 
dominated after more drastic treatment. The pH value 

of maximum stability appeared to be on the acid side of 


neutrality. 


6. Phosphodiesterase hydrolysis has incidentally shown 
that at least 99.5 per cent of the constituent nucleo- 
sides of the 18S + 28S ribonucleates bear 5'-phosphate 


substituents. 


7. Sedimentation analysis and end group analysis for type 


II and III structures were employed to establish that the 
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18S + 28S ribonucleates could be stored for three months 
at -20° in the powder state without substantial degrada- 
tion. Storage in the powder state at +20° was observed 
to result in considerable degradation over a period of 
three months and the degradation was shown to be attribu- 


table to a cleavage of phosphodiester bonds. 
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APPENDIX 


Chemical preparations. 


1. Ammonium formate buffer, 1M, pH 9.2, 

Concentrated ammonia (133.3 ml) was mixed with 500 
ml of water and 42.2 ml of concentrated formic acid solu- 
Teron. The volume of the ammonium formate solution was 
brought to 950 ml by addition of water and the pH was ad- 
justed to 9.2 by the dropwise addition of concentrated 
formic acid. The final volume was then adjusted to 1000 


ml with water. 


2. Phosphate buffer, 0,05 M, pH 6,8, 


o.7 gm K,HPO, and 6.8 gm KH,PO, were dissolved in 


water to give a final solution volume of 2 litres. 
3. Water-saturated phenol solution, 

630 gm of phenol crystals were melted at 50° and 
then mixed with 70 ml of water. 


4. Ammonium acetate buffer, 0.5 M, pH 4. 

Concentrated acetic acid (60 ml) was mixed with 540 
ml of water and 33.4 ml of concentrated ammonia solution. 
The pH value was adjusted to 4 by the dropwise addition of 
concentrated acetic acid and the final volume was brought 
to 1000 ml with water. 


5. Pyridinium formate, 1M, pH 4.5. 

79 ml pyridine and 42 ml concentrated formic acid 
were added to 800 ml water and the volume of the solution 
was brought to 1000 ml with water. 


Cee tT RCS -TOrmate ‘buffer, 1 -M,-pH’ 7.8. 
Concentrated formic acid (60 ml) was added to 1500 
ml of water containing 242 gm TRIS, and the final volume 


was brought to 2000 ml with water. 
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